Plasma Membrane (Ca2++Mg2+)ATPase Glycerol Uncoupling of Ionic Pump, Polyol, Hydrophobic Interactions In this report it is shown that glycerol (0.5-10% v/v) stimulate the C 12-Ey-solubilized renal (Ca2++Mg2+)ATPase in the presence of low concentrations of free Ca2+ (< 10"6 m ). A t 4% (v/v), the polyol decreases the K Q5 for Ca2+ from 1.15 to 0.22 [.im at the high-affinity site, and a very-high-affinity Ca2+ com ponent appears. This com ponent has a K 05 < 10-9 m and its maximal velocity is about one-third that of the fully activated enzyme (at 10-20 [.im Ca2+), which is not affected by glycerol (21.1 and 20.2 nm ol-m g m in" 1 in the absence and pres ence of the polyol, respectively). The low-affinity, inhibitory component of the Ca2+ curve (50-1000 jx m ) is also unaffected by glycerol. With 0.07 [xm free Ca2+ and soluble enzyme, the stimulatory effect of glycerol saturates at -10% (v/v). In contrast, with 17 (.im free Ca2+, glycerol has little effect up to 10% (v/v), and then progressively inhibits ATPase activity. These data indicate that the effect of the polyol is m odulated by the occupancy of the highaffinity Ca2+ sites. In native vesicles, the stimulation promoted by low concentrations of glycerol at low concentrations of Ca2+ is accompanied by inhibition of active Ca2+ transport, indicating that, in these conditions, the polyol uncouples ATPase activity and ATP-driven Ca2+ influx.
Introduction
The basolateral membrane (Ca2 ++M g2+)ATPase plays an important role in the fine-tuned regula tion of intracellular calcium in renal proximal tubule cells. ATP hydrolysis by this enzym e is stimulated by Mg2+ and micromolar Ca2+ concen trations (Gmaj eta l., 1982, 1983; Vieyra eta l., 1986; Coelho-Sam paio eta l., 1991; Guilherme et al., 1991) . It belongs to the P-ATPase class (Ped ersen and Carafoli, 1987) , alternating between two principal conformational states (Ej and E2) during the catalytic cycle. Fig. 1 shows the minimal reac tion sequence of the enzym e (Guilherme eta l., 1991). Fig. 1 . Reaction sequence of the renal plasma membrane (Ca2++Mg2+)ATPase. E, represents the enzyme form phosphorylated by ATP, with the Ca2+-binding site in a high-affinity state and facing the cytosolic (extravesicular) compartment. E 2 represents the conformation phos phorylated by Pi during reversal of the pump (Vieyra etal. 1991) , with the Ca2+-binding site in a low-affinity state and facing the peritubular (intravesicular) aspect of the membrane. ~P and -P indicate high-and lowenergy states of the acyl phosphoprotein linkage. The box around Ca in the first phosphorylated interm ediate indicates occlusion of the cation, which occurs after A D P release (Pedersen and Carafoli, 1987) . A dapted from Guilherme et al. (1991) .
The activity of both detergent-solubilized and membrane-bound (Ca2++Mg2+)ATPase prepara tions of proximal tubule basolateral membranes 0939-5075/95/1100-0845 $ 06.00 © 1995 V erlag Meis (1989 Meis ( . 1990 showed that glycerol and other organic solvents apparently can mimic calmodulin, increasing both the affinity for Ca2+ and the turnover number of the enzyme. More recently, it has been shown that calm o dulin induces the appearance of a very-highaffinity Ca2+ site in the solubilized renal (Ca2++Mg2+)ATPase (Coelho-Sampaio et al., 1991). In this work, we demonstrate that low concentra tions of glycerol can also elicit a very-high-affinity Ca2+ site in this enzyme. This activation at very low Ca2+ concentrations, however, is not identical to that seen in the presence of calmodulin since it is associated with inhibition of the ATP-dependent Ca2+ flux across the membrane.
In recent papers from this laboratory, it has been shown that polyols such as trehalose, sorbitol and mannitol uncouple the renal Ca2+ pump since they inhibit the Ca2+ flux without modification of (Ca2++M g2+)ATPase activity (Sola-Penna et al., 1994, 1995). The results shown in the present re port indicate that glycerol can affect the pump in different ways, so that depending on the degree of saturation of the enzyme by Ca2+, the pump can be either inhibited or uncoupled.
Materials and M ethods
Reagents ATP. C 12-E y and ouabain were purchased from Sigma Chemical Co.. Percoll was from Pharmacia, and other chemical reagents were of the highest purity available. In the absence of glycerol (Fig. 2 , empty circles) it is clearly seen that at very low Ca2+ concentra tions (up to 0 . 0 2 [ a m ) there is a low but non-zero rate of Ca2+-stimulated ATP hydrolysis (V^c). In the presence of 4% (v/v) glycerol (Fig. 2, filled cir  cles) , Vc increases to a value more than three times higher than in the control conditions with no glyc erol (Table I) (Table I ). The glycerol-induced stimulation of (Ca2 ++Mg2+)ATPase activity diminishes with increasing Ca2+ concentrations, so that at 10 ("im free Ca2+ the curves obtained in the absence and in the presence of the polyol coincide at a maximal activa tion value of about 2 0 -2 1 n m ol-m g" 1 m in-1, and remain superimposed as Ca2+ is increased into the range of the low-affinity, inhibitory com ponent (inset to Fig. 2) . 
G lycerol concentration dependence o f (Ca2++M g2+)ATPase activity at different free Ca2+ concentrations using solubilized enzym e
When a broad range of glycerol concentrations is used, the rate of ATP hydrolysis is modulated differently by the polyol depending on Ca2+ con centration (Fig. 3) . At 17 fXM free Ca2+, when ATP hydrolysis in the absence of glycerol is maximal (Fig. 2, empty circles) , concentrations up to 10% (v/v) glycerol have no significant effect on ATP hydrolysis, while higher concentrations are inhibi tory (Fig. 3, filled circles) . A t 500 [im Ca2+, similar effects are observed (data not shown). A t 0.07 [im free Ca2+, a concentration normally found in prox imal tubule cells (Poggioli et al., 1992) , and one that stimulates ATP hydrolysis very little in the absence of glycerol (Fig. 2, empty circles) , the rate of ATP hydrolysis is progressively activated by glycerol concentrations up to 10% (Fig. 3, empty  circles) .
G lycerol concentration dependence o f Ca2+ uptake by inside-out vesicles at different Ca2+ concentrations
Both of the free Ca2+ concentrations used with solubilized enzyme in the experiments of Fig. 3  (0.07 and 17 [am) support Ca2+ transport into native inside-out vesicles (Fig. 4) . A t the higher Ca2+ concentration, the effect of glycerol on Ca2+ uptake is similar to its effect on the (Ca2 ++Mg2+)ATPase activity of the solubilized enzyme -that is, little or no effect up to 5% (v/v) glycerol, followed by a significant inhibition at higher glycerol concentrations (Fig. 4, filled  circles) . A similar effect is observed when the ef-
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feet of glycerol on transport is studied in a medium containing 0.07 [.im Ca2+ (Fig. 4, empty circles) . This profile of progressive inhibition contrasts with the activation observed for (Ca2++M g2+)ATPase activity (Fig. 3, empty cir  cles) . Inhibition of uptake is not due to an increase in the membrane permeability to Ca2+, since the EGTA-induced Ca2+ efflux from preloaded vesi cles is the same in the absence or presence of glyc erol (Fig. 4, inset) . , additional experiments were carried out using native vesicles (Fig. 5) . Since at very low Ca2+ concentrations ATP hydrolysis was increased 2.5 fold (Fig. 5A, left bars) whereas Ca2+ uptake experiments showed that Ca2+ accumulation < ro + was linear during this time interval. Inset: Ca2+ u % efflux from preloaded vesicles in the absence and presence of glycerol. Vesicles were pre-| loaded for 5 h in the same experimental conditions (17 [im free Ca2+), except that the protein concentration was 5 mg/ml. The Ca2+ remaining in the vesicles (indicated as percent values on the ordinate) was measured at the times shown on the abscissa after addition of 2 mM EGTA (□ ) or 2 mM EGTA plus 15% glycerol (v/v) (■). Curves in both main panel and inset were drawn by hand. Tim e (min) Tim e (min) Fig. 6 . Time course of the unidirectional Ca2+ influx in the absence and presence of glycerol. Vesicles were preloaded in the same experimental conditions described for the experiments shown in Fig. 4 , with 0.07 [.im (A) or 17 [im (B) free Ca2+, except that non-radioactive Ca2+ and 5 mg protein/ml were used. A fter 5 h (zero time on the abscissae) the samples were diluted with the same solutions containing 15% (v/v) (■ ) or no (□ ) glycerol to obtain a final protein concentration of 0.2 mg/ml. and immediately supplied with 45Ca2+ (~ 107 cpm/ml: essentially carrier free).
[4>Ca]Ca2+ incorporation (in pmol Ca2+/mg) was measured at the times indicated on the abscissae as described under Materials and Methods. The curves were drawn by hand.
interactions between protein and water Timasheff, 1981a, 1981b) . In the sarcoplasmic reticulum Ca2 +-ATPase, another ion-transporting enzyme, it has been shown that sugars decrease the K 05 for Pi (Chini et al., 1991) . This observation suggests that polyols stabilize the E2 conformation (Fig. 1 ). This conformation is described as having the catalytic site in a less hydrated state ( . This observation provides further evidence for the existence of a very-high-affinity Ca2+ site in this enzyme, one that would be enhanced when specific hydrophobic domains are exposed to the medium.
In addition to its very high affinity for Ca2+ (K 05 < IO" 9 m ) the new site also pumps Ca2+ at a low rate (Fig. 4, empty circles) . A t low Ca2+ concentrations, however, its coupling ratio m ea sured in intact vesicles is decreased by glycerol (Fig. 5A ) , suggesting that the intramolecular com munication between the very-high-affinity Ca2+ sites and the domain(s) that interact with ATP is sensitive to a hydrophobic milieu. The existence of two stimulatory components with Ca2+ affinities that differ by more than two orders of magnitude (Fig. 2) and are associated with different transport capabilities (Fig. 4) (Fig. 3, empty circles) , an effect that is also found with native vesicles and 15% (v/v) glycerol (Fig. 5A ) . In contrast, the polyol is strongly inhibi tory with 17 [.im free Ca2+ (Fig. 3, filled circles and  Fig. 5B) . Interestingly, glycerol inhibits the unidi rectional Ca2+ influx to the same extent, regardless of whether the Ca2+ sites are saturated or not (Fig. 6 ). It may be concluded, therefore, that the interaction of the polyol with the enzyme domains involved in energy transduction, and in contrast with the domains involved in the Ca2+ transloca tion itself, depends on the conformational state in duced by the occupancy of the Ca2+ sites.
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